Abstract-In this paper we present a beamforming technique based on synthetic aperture imaging that enables to improve the radio-frequency (RF) ultrasound images with lateral oscillations for lateral displacement estimation. As described in previous work, in order to increase the accuracy of the lateral displacement estimation using images with lateral oscillations, it is necessary to reduce both the wavelength of the lateral oscillations and the width of the point spread function (PSF). This is reached in this work, by doing emit and receive beamforming using synthetic aperture data. We show that the wavelength of the lateral oscillations can be reduced by a factor 2, and the width of the PSF can be reduced by a factor 2 . We have used the images obtained by this beamforming technique for lateral displacement estimation in the field of elastography. We show that with this new approach it is possible to improve the lateral displacement estimation by nearly 25% by reducing the standard deviation of the error of the lateral estimation.
INTRODUCTION
Within tissue elasticity imaging with ultrasound, our team has previously developed a method that enables us to estimate axial and lateral components of the displacement field between two ultrasound RF images using phase information [1] . We have shown how important it is to optimize the way the RF image is generated, in order to obtain better estimation results. Like in the method developed by Jensen et.al, for blood flow imaging [2] we use a PSF that oscillates in both directions of the image. This PSF is generated by using a particular beamformer; a plane wave is emitted, and the lateral profile of the PSF is controlled by receive beamforming only. Quadratic dynamic focusing is used together with a dynamic transducer apodization function featuring two peaks.
In this work we assume a spatially separable PSF in the axial and lateral dimensions of the RF image. The lateral profile of the PSF showing oscillations is characterized by two parameters: the wavelength of its lateral oscillations x λ , and the width at half maximum (FWHM) of its Gaussian envelope x σ . We have shown in [1] that a decrease of both values would increase the quality of the displacement estimation.
However the values of those parameters are limited by the physical size of the ultrasound transducer. Indeed, a decrease of both parameters leads to a larger active apodization function, which can of course not be larger than the physical size of the probe.
One way to overcome this limitation is to do beamforming both in receive and in emit. In order to have a maximal flexibility we propose in this work to use synthetic aperture imaging. In order to increase the quality of our PSF with lateral oscillations, i.e. decrease both its width and the wavelength of its lateral oscillations, dynamic quadratic focusing is performed in emit and in receive plus an even dynamic apodization function in emit and an odd dynamic apodization function in receive. This method enables to divide by 2 the wavelength of the lateral oscillations and to divide by 2 the FWHM of the Gaussian envelope of the PSF. Use of this new PSF with our displacement estimation method enables to increase by nearly 25% the quality of the lateral displacement estimation compared to the use of a PSF obtained by receive beamforming only.
The paper proceeds as follows. First the principle of synthetic aperture is briefly recalled. Then our beamforming strategy that enables to increase the quality of the PSF is shown. Simulation results showing the improvement in terms of lateral displacement estimation are given. Finally a short conclusion is given.
II. PRINCIPLE OF SYNTHETIC APERTURE IMAGING

A. Data acquisition
In synthetic aperture imaging, the basic idea is to collect all signals from any transducer element in emit to any transducer element in receive. All beamforming is done in post processing.
In order to do that, each element of the probe is excited separately, and all signals received from all elements are stored in memory. This gives rise to a large amount of data. Typically for a 128 elements probe, 128x128=16284 signals.
B. Beamforming possibilities
In emit, focusing consists basically in applying the right delays in order to have a coherent summation of the contributions coming from all emit elements for one particular point in space called focal point. In receive, focusing consists in applying the right delays to all elements in order to be able to sum signals coming from the same point in space called the focal point.
When doing conventional imaging, the emit focal point is unique. Indeed, once the elements have been excited it is not possible to change the different delays. Whereas in receive focusing it is possible to adapt dynamically the delays, as a function of time to be focused along a given line. With the particular approach of synthetic aperture, it is possible to do dynamic receive and emit focusing. The same statement can be done for apodization, in synthetic aperture, dynamic emit and receive apodization can be achieved.
Let's call ) t ( r ij the signal received by element i, when element j has been emitting. Emit and receive focusing at point P can be achieved by summing all contributions that can be supposed to have "traveled" from element j to point P and back to point i. This is done for all pairs of emit and receive elements, and this processing can also be changed for any point in space. All contributions for point P are denoted ) P ( r ij . Finally dynamic emit-receive focusing can be achieved for any point in the image.
In an equivalent way, with synthetic aperture data, it is possible to achieve dynamic emit and receive apodization. Two apodization functions ( , ) e w j P and ( , ) r w i P , one in emit and one in receive, respectively are defined for one imaging point P for all emit elements and all receive elements. The apodization and summation is done as follows:
where s(P) is the pixel of the ultrasound RF final image corresponding to point P.
The choice of the emit and receive apodization functions determine the shape of the lateral profiles of the PSF as described in the following section.
III. SYNTHETIC APERTURE BEAMFORMING FOR INCREASING PSF RESOLUTION AND LATERAL FREQUENCY
Here we use the approximation of a separable PSF both spatially and in emit-receive, which leads to:
( ) h z is the axial profile of the PSF, ( ) e h x and ( ) r h x are the emit and receive lateral profiles of the PSF. For a given probe, if quadratic focusing is used, it is possible to approximate the lateral PSF profile in emit or in receive to the Fourier transform of the aperture function or apodization function in emit or receive, respectively [3] , as given by
with λ the wavelength of the emitted pulse and z the depth of the point of interest.
Here we would like to design the imaging system in order to get a final PSF having a lateral profile showing fast oscillations. In the previous work, the emit lateral profile of the PSF was approximated to be ( ) 1 e h x = (4) And the receive profile was equal to
In order to increase the frequency of the lateral oscillations, it is possible to use a sin function of same frequency in emit. This will lead to a lateral profile with twice the frequency of the previous one. Indeed if
with ' 2 In order to design the apodization functions that leads to such emit and receive lateral PSF profiles, we use equation (3) obtained under the Fraunhoffer approximation. The emit and receive apodization functions can be exchanged. Here we produce the cos in emit and the sin in receive in order to have only positive coefficients for the emit apodization function.
Using this approximation we obtain the following emit and receive apodization functions: 
A. Beamforming validation
Here we show that using synthetic aperture imaging and a combination of an even apodization function in emit with an odd apodization function in receive, as given in (8), it is possible to divide by a factor 2 the wavelength of the lateral oscillations compared to receive beamforming only.
The simulated probe was a L14-5W/60 for use with the Ultrasonix RP system. The PSF is calculated using the Field II program [4] . Figure 1 shows the PSF obtained by receive beamforming only (Figure 1(I) ) and by emit and receive beamforming (Figure 1(II) ). The emit and receive apodization. As expected theoretically it is possible to see on this representation that the lateral frequency is doubled thanks to our approach. The expected lateral wavelength for the receive only beamforming case was 2.7 mm which correspond in our case to a lateral normalized frequency of 0.025. In the simulation we reach 0.023. For the new approach a wavelength of 1.35 mm could be expected which correspond to 0.05 and we obtain 0.045. Even if the quantitative values do not correspond exactly we have been able to double the lateral frequency which is a very interesting result.
As will be shown in next section using this beamforming technique it is possible to increase the quality of the lateral displacement estimation.
B.
Displacement estimation results The aim of producing PSF with fast lateral oscillation is to improve the lateral displacement estimation in the field of elastography. In order to show the improvement due to the use of this new image formation scheme, we show some simulation results.
The estimation method that is used here is the one presented in [1] . It is based on the estimation of the zero crossing of the phase of the complex correlation between 1D windows taken either from the axial direction of the ultrasound RF image or from the lateral direction of the image.
A finite element simulation is used to calculate the true displacement inside the medium. Then the RF data are calculated with the simulation program Field II [4] . Figure 2 shows the true and estimated lateral displacement maps obtained from images obtained by receive beamforming only and the ones obtained by receive and emit beamforming. Profiles of the true and estimated displacement are also given. For both profiles represented, the estimation obtained with the images using emit and receive beamforming is closer to the true displacement than the one obtained with images using receive beamforming only. Figure 3 shows the lateral errors histograms for both cases. The lateral error distribution is around 25% thinner thanks to the new approach. Indeed for the images with receive beamforming only, the standard deviation of the error distribution is equal to 11.4µm whereas for the new approach it is equal to 8.4 µm. V. DISCUSSION In this paper we have used synthetic aperture data in order to improve the quality of the ultrasound RF images for lateral displacement estimation in the field of elastography.
One draw back of the previous methods based on lateral oscillations, i.e. only receive beamforming, has been addressed using synthetic aperture data. Using synthetic aperture data, it is possible to do emit and receive beamforming all in postprocessing. This approach enables, by use of an even apodization function in emit and an odd one in receive to double the frequency of the lateral oscillations. The accuracy of the displacement estimation method presented in [1] , which was used here, is directly related to the phase slope of the complex correlation between lateral RF signals. Consequently, as this phase slope is proportional to the lateral oscillation's frequency, the new beamforming strategy enables also to improve the quality of the lateral displacement estimation.
In terms of displacement estimation we have been able to increase by 25% the accuracy of the whole method. Indeed the standard deviation of the error has fallen from 11.4µm to 8.4µm..
As a result we can say that the feasibility of our approach has been validated. The next step will be to implement the method on a real scanner. This task should be carried out with the Ultrasonix RP system. One thing that is important to notice is that there are some new problems that arise and that will have to be addressed which concern the time of acquisition. The methods with lateral oscillations were initially developed for blood flow. In this case the acquisition rate is an important factor because the the blood velocity can be important compared to the velocity of the tissue in the field of elastography. The time of data acquisition is also larger for synthetic aperture data than for conventional ultrasound imaging. Different solutions could be used, as for example, the ones developed by Jensen and Gran that consist of emitting simultaneously with all elements and separating the signals in post processing before beamforming. The separation of the different signals is achieved thanks to a specific spatial encoding [5] .
VI. CONCLUSION
In this paper we have used a synthetic aperture data acquisition scheme in order to be able to do emit and receive beamforming for adapting images for elastography. The aim was to create faster oscillations in the lateral direction of the ultrasound image than those obtained by receive beamforming only and to decrease the lateral width of the PSF. We have shown that the lateral spatial frequency of the oscillations can be doubled and the width divided by a factor of 2 using an even apodization in receive and an odd one in emit.
We have tested our displacement estimation method on synthetic data obtained by simulation. The results show that with our approach it is possible to increase the quality of the estimation. The standard deviation of the error has been reduced by 25%.
The next step is to use this approach on a real phantom using a real scanner. This project should be carried out with the new Ultrasonix RP system.
